Alkenes (Olefins)
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Structure and Bonding

n bond

H H

\ < 4

c=¢ = Y1200 =
H H 4 !
ethylene sp® hybridized

CHEZCHE CHS_CHS
152 kcal/mol - 88 kcal/mol = 64 kcal/mol
(o + T bond) (o bond) T

n bond only

* The © bond is much weaker than the ¢ bond of a C—C double bond, making it
much more easily broken. As a result, alkenes undergo many reactions that
alkanes do not.



Structure and Bonding

Rotation around the C=C bond is restricted

90° rotation

The p orbitals are orthogonal
the 1™ bond is broken



Simple Alkenes

HaC=CH3 ethene (ethylene)
Ha G =CH—LHy propene (propylene)
CHy

H,C=CH=CH, 2-methylpropene  (isobutene)

o
T

cyclohexene

B '
S

Positional isomers

____.-'-.____r___.---.____r___.-_:'- ____.-'--._______.-'-"-.__-.______.- ____.-*'-._________.-_::a--.__________.-

1-hexene 2-hexene 3-hexene



Unsaturation Degree

» Alkenes are unsaturated hydrocarbons.
* An acyclic alkene has the general structural formula C H,,,.
 Cycloalkanes also have the general formula C H,,.

« Each © bond or ring removes two hydrogen atoms from a molecule, and
this introduces one degree of unsaturation.

°
es. C,Hg
two rings or two n bonds or one ring and one =« bond
Possible structures =
for C4Hg: <]> N |

H_CEC_CHchS



Nomenclature
Name an Alkene

Example Give the IUPAC name of the following alkene:

CH;  CH,
: /
c=C
/
CHy  TH,CHCH,
CHj

Step[1] Find the longest chain that contains both carbon atoms of the double bond.
CH CH
D ®
c=C
4
CHj CH,CHCHy
CHj;

6 C’'s in the longest chain

* Change the -ane ending of the parent alkane to -ene.

hexane ————> hexene

Step[2] Number the carbon chain to give the double bond the lower number, and apply all other rules of nomenclature.

a. Number the chain, and name using the b. Name and number the substituents.
first number assigned to the C=C.
1—CH CH CHz.  CH
S 05 8 A U5
2-\e= vy 2=2C=00
2 i /‘
CHj 4 CHQ(IJHCH:; CH4 d CHz?HCHa
} CHs CH,
4
« Number the chain to put the G=C three methyl groups at C2, C3, and C5
at C2, not C4.
Answer: 2,3,5-trimethyl-2-hexene
2-hexene




Nomenclature

/CHZCHS /CHZCH3
CH2=C\ CH,=C
CH,CH,CH,CH,CH4 CH,CH,CH,CH,CHg
7C’s ————> heptene 8C’s
Both C's of the C=C are contained Both C’s of the C=C are NOT
in this long chain. contained in this long chain.
Correct: 2-ethyl-1-heptene Incorrect

1
1

- CH,
- CHy

3
1-methylcyclopantens F-methyloyclohaplens

Numbar clockwise baginning at
the C=C and place the CH; at C3.




Nomenclature

}ﬁ H
|
= H ~ //C ~ H ~ /C ~
H H
methylene group vinyl group allyl group

methylene 1

CH vinyl
©¢ 277 group @\ i grozp

methylenecyclohexane 1-vinylcyclohexene



Physical Properties

» Their physical properties are similar to alkanes of comparable molecular
weight.

» Alkenes have low melting points and boiling points.

 M.p. and b.p. increase as the number of carbons increases because of
Increased surface area.

» Alkenes are soluble in organic solvents and insoluble in water.

« The C—C single bond between an alkyl group and one of the double bond
carbons of an alkene is slightly polar.

ot NG
sp® hybridized C
CHs*
/: 8 25% s-character
7(:\0 This R group donates electron density.

sp® hybridized C
33% s-character

This C accepts electron density.



Interesting Alkenes

gwi

polyethylene
(packaging, bottles, films)

CH,CH,OH I gf\l/\]/\|/§
CH,=CHCl ——

ethanol Cl Cl Cl
(solvent, fuel additive)
I L -~ poly(vinyl chloride)
C=C (insulation, films, pipes)
H H
ethylene \
D /
l OCOCH;, 0 0 0
» | | |
CH,=CHC¢Hs COCH, COCH, COGH,
HOCH,CH,OH
ik 1 poly(vinyl acetate)
ethylene glycol (paints, adhesives)
{antifreeze) E z

CgHs CgHs CgHs

polystyrene
{Styrofoam, molded plastics)



Interesting Alkenes

zingiberene
(orange pigment in carrots) y (oil of ginger)

H .
(S)-limonene
(from lemons) 7 = s
S o-famesene

X (found in the waxy coating on apple skins)

(R)-limonene
(from oranges)

© Roy Morsch/Corbis; PhotoDisc Website;J. C. Valette/Photocuisine/Corbis;PhotoDisc Website
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Geometrical Isomerism

Increasing stability

S f--;

1-butene Cis- 2 butene trans-2-butene

12



Stability of Alkenes

» Hydrogenation of alkenes is exothermic

« The heat of hydrogenation can be used as a measure of the relative stability of
different alkenes. 13



Stability of Alkenes

AH°hydrog

Substitution Alkene (Kcal/mol)

Unsubstituted H2C=CH> -32.8
\WIeIalel Vo ;I {VI{-To I CH3CH=CH: -30.1
Disubstituted (CH3)2C=CH> -28.4
CH3CH=CHCH3s (cis) 286
CH3CH=CHCHs (trans) -27.6

Trisubstituted (CH3)2C=CHCHs -26.9

Tetrasubstituted (CH3)2C=C(CH3)2 -26.6



Geometrical Isomerism

 trans-Cyclooctene is the smallest isolable trans cycloalkene, but it is
considerably less stable than cis-cyclooctene, making it one of the few
alkenes having a higher energy trans isomer.

e

trans cis

trans-cyclooctene cis-cyclooctene 15



E/Z Nomenclature
Assign the Prefixes E and Z to an Alkene

Step[1] Assign priorities to the two substituents on each end of the C=C by using the priority rules for R,S
nomenclature (Section 5.6).

* Divide the double bond in half, and assign the numbers 1 and 2 to indicate the relative priority of the two groups on
each end—the higher priority group is labeled 1, and the lower priority group is labeled 2.

Divide the double bond in half.

'

1 | CH,4 CH; |2
\C C/
AN AN
H CH,CH; |1
t t

Assign priorities to each side of the C=C separately.

Step[2] Assign E or Z based on the location of the two higher priority groups (1).

Two higher priority groups on Two higher priority groups on
opposite sides the same side
v ¥ v
|I|f:|—|3 CH; 2 |I| CH, CH,CH4 |I|
\C = Cf \C = C/
2 /N N T
H CH,CHj 2 H CHg
E isomer Zisomer
(E)-3-methyl-2-pentene (£)-3-methyl-2-pentene
* The E isomer has the two higher priority groups on the opposite sides. 16

* The Z isomer has the two higher priority groups on the same side.




Physical Properties

« A small dipole is associated with the C(sp2)-C(sp3) bond.

« A consequence of this dipole is that cis and trans alkenes often have
different physical properties.

* cis-2-Butene has a higher b. p.(4°C) than trans-2-butene (1°C).

CH%\ //‘/CHS CH%C\_ C/H

more polar isomer —— c=¢C «—— less polar isomer
/ 5 / \\
H H H CH,
a small net dipole no net dipole
cis-2-butene trans-2-butene
higher bp lower bp

e A cis alkene is more polar than a trans alkene, giving it a slightly higher boiling point
and making it more soluble in polar solvents.

17



Preparation of Alkenes.
1 Dehydroalogenation

T Br o

. = U + BH* + Br
H.-;.___‘.

B

L == O QL

major
product

Saytzev’s rule.
The more substituted alkene (more stable) is favoured

18



Preparation of Alkenes.
2 Dehydration

H H
O = ﬂ'Hf E‘
L
- H*
Ha 50,
T = 0 o

19



Preparation of Alkenes. 3
Hydrogenation/Reduction of Alkynes

M., cal.
.
s

Ma, I'-.IHaiq

/\/
/\/ P

20



Introduction to Addition Reactions

N |
Addition reaction C=C + XY — —C—C—
|
/ T \ (’ Xy ‘)
This T bond is broken. Two o bonds are formed.

* Alkenes are electron rich, with the electron density of the n bond
concentrated above and below the plane of the molecule.

« Alkenes react with electrophiles. Simple alkenes do not react with
nucleophiles or bases.

21



Thermodynamics of Addition Reactions

o Addition reactions are exothermic because the two o bonds formed in
the product are stronger than the ¢ and n bonds broken in the
reactants.

n N 1
Overall reaction: :C =C:. +  HBr H—C—C—H
H H H Br
AH® calculation:
[1] Bonds broken [2] Bonds formed [3] Overall AH® =
AH" (keal/mol) AH" (kcal/mol) sum in Step [1]
+
CH,=CH,mbond +64 BrCH,CH,—H -98 sum in Step [2]
H-Br +88 CH,CH,~Br  —68
+152 keal/mol
total +152 keal/mol total —-166 kcal/mol —166 keal/mol
Energy needed to break bonds. | Energy released in forming bonds. AH” = =14 keal/mol

+

The reaction is exothermic. 22



Introduction to Addition Reactions

Two modes syn addition anti addition
of addition
f!fl( .\\\\ X_Y X\ {:Y X\ 5’
/C:C\ —_— \NC—{},#r or UwC_C\
{ )\ d v

X and Y added from X and Y added from
the same side opposite sides

* Syn addition takes place when both X and Y are added from the same side.
e Anti addition takes place when X and Y are added from opposite sides.

23



Introduction to Addition Reactions

Two new ¢ bonds are formed.

s > " hydrohalogenation
(X=Cl, Br, 1) y g
X
s > " hydrati
The © bond is broken. H,SO, - ydration
l OH
Yo > " halogenation
(X = Cl or Br) 2 g
cyclohexene g
X5, H,O = ot t.
(X=ClorBr) alohydrin formation
OH
[11BH; H N
[2] H,0,, HO™ " on ydroboration—oxidation

24



Hydrohalogenation. Mechanism

|;.
H., r M - " +Br

HGHs

Br

Br
GHCHy — = ;} CHzCH,

Hic

enantiomers

CH;CH - ) CH.CH,
Bir

N
=y
= ;
N

Er
25



Hydrohalogenation

transition state transition state
Step [1] Step [2]

transition state
Step [1]

CHaCH,CHCH,
+ Br~

AH®[1] AH°[2]

Energy

transition state
————————— Step [2]

CHyCH=CHCH,4

ool © CHyCH,CH(BrCH;

Reaction coordinate

¢ The mechanism has two steps, so there are two energy barriers.
e Step [1] is rate-determining.

H-—Br
| ot

CHy—C=C—CHy
H H

&* ¥
CH3CH,CHCH,4
Eira‘

26



Hydrohalogenation — Markovnikov’s Rule

| VoL
HC
..__.- ._._-._-._... # ..__.-.I::'ll.-__.-. - i EI

not formed

* The electrophile (H+) adds to the less substituted carbon; the
nucleophile (Cl-) to the more substituted one.

Cl .
j ﬁk:.{L,l )
-—F— e
’_L;" ree tertlary
- gt i
: -
HH,H C o hot
> P — ~ =" observed

primary

27



Hydrohalogenation—Markovnikov’s Rule

According to the Hammond postulate, the transition state to form
the more stable 2° carbocation is lower in energy.

5 larger E, ———> slower reaction
a
= + 1° carbocation
o CH3CH,CH,o*  |ess stable
(0 ) .
CH3CHCH,«—— 2° carbocation
more stable
CH,CH=CH, - —— slower reaction
+ HCI —— faster reaction

Reaction coordinate
28



Hydrohalogenation—Stereochemistry

« Addition of HX to 1,2-dimethylcyclohexene forms two new stereogenic
centers.

CHj *
HCI —H Two new stereogenic centers
N
—Cl are formed.
CHs CH
1,2-dimethyl- 3
cyclohexene

{ * denotes a stereogenic center

29



Hydrohalogenation—Stereochemistry

below l 1 above
CHs CH,
IIIH . H
" «—— gnantiomers ——»
.
CH, CH,
‘ CI- ‘ ClI-
syn 1 l anti anti l l syn
CHgy CHq ¢CH3 :CH3
|||H + |||H + H + H
e e C| Gl et (|

A
‘ L enantiomers J |

enantiomers




Hydrohalogenation—Summary

'rh}l:
H” MNu (X7
Y Ho4 Nu X)
H e . Y e
‘!\ LTNES ]
Mu (7]
Mechanism ¢ The mechanism involves two steps.
* The rate-determining step forms a carbocation.
e Rearrangements can occur.
Regioselectivity * Markovnikov’s rule is followed. In unsymmetrical alkenes, H bonds to the
less substituted C to form the more stable carbocation.
Stereochemistry ¢ Syn and anti addition occur.

32



Hydration—Electrophilic Addition of Water

N & & H,S0, | |
x’C = D\ + H-—OH B ':.I: mﬁ: —
T H OH «<——H,0 is added.
This r bond is broken. alcohol

Step [1] Addition of the electrophile (H') to the & bond

eyclohexens

H new bond
== . H
“ T H=0H, —— +  HO:
l‘v‘ El-ﬁ'ﬂ' ¥
H H
carbocation

= The n bond attacks H;O", thus forming a new C-H bond

while breaking the H-0 bond. Because the remaining
carbon atom of the original double bond is left with anly
six electrons, a carbocation intermediate is formed. This
step s rate-determining because two bonds are broken
but only one bond is formed.

Step [2] Nucleophilic attack of H.O

H H
H._d_.—'-_ oy H
W —— 5o
o H H

MNucleophilic attack of H20 on the carbocation forms the
new C-0 bond.

Step [3] Loss of a proton

H
H

cyclohexanol

H
Y i H o
o=H + H O .
 * =T OH & e
H H -

Removal of a proton with a base (H;Q) forms a neutral
alcohol. Because the acid used in Step [1] is regenerated
in Step [3], hydration is acid-catalyzed.

33



Electrophilic Addition of Alcohols

« Alcohols add to alkenes, forming ethers by the same
mechanism. For example, addition of CH;OH to 2-
methylpropene, forms tert-butyl methyl ether (MTBE), a high
octane fuel additive.

CH, CH4
CH, methanol CHBO H R

tert- butyl methyl ether
MTBE

34



Halogenation—Addition of Halogen

. N/ u
Halogenation C=C + X—-X — —C—C—
I
/ T \ X X <«——X,is added.

This t bond is broken. vicinal dihalide

Anti addition

-~ ) |
= 0N

Br Br |Br G
trans Cis
(not observed)

35



Halogenation—Mechanism

B
oy
Br 3 )
E"HJ B H
-
i H H -} H H Er
&--

epibromonium
lon

Y o B
H E H G H
E-

36



Halogenation—Stereochemistry

CHs,, CHj
g C C“
H ~wH

cis-2-butene

!

achiral alkenes

l

CHB 7y C C N
H"  “YCH,

trans-2-butene

— > CHg'

Br CHg CH;  Br
Brz \C C.‘H .‘1 /
\ * / “”CHB

L 1
enantiomers

Br H CHy  Br
Br, !}C_c:.-CHg Ha c’,f,
T CH/ p A H
H Br Br CH

an achiral meso compound

37



Halohydrin Formation

N/ |
General reaction C=C + X—X - E E —
SN H,0
T (X = Cl or Br) J{ DH <— X and OH added
This m bond is broken. halohydrin

B
@ 12 + anti addition of Br and OH
H,0 / :

Br ' OH Br T OH

trans enantiomers

38



Br—Br

O

,,,, C""
CH{

H

Halohydrin Formation

¢ B
CHa'yC—CQ'
m el Mg
H,0:

+ Br~

' nucleophilic attack at the
more substituted C

CH, :?}: CHy 'é'r'
CHy—C—C—H ——— CHy— c—c —H

O (3]

Jgr -1

39



Halohydrin Formation

« Bromohydrins are also formed with N-bromosuccinimide
(NBS) in aqueous DMSO [(CH,),S=0].

* In H,O, NBS decomposes to form Br,, which then goes on to
form a bromohydrin by the same reaction mechanism.

@)
Br
X P NBS |
N—Br — Bn, /CZC\ > —C|:—C—
DMSO, H,0O HO l
0 bromohydrin

N-bromosuccinimide
NBS

40



Halogenation and Halohydrin Formation

':rl-
H,J{
. XD Hi g
f:q.:‘ T — . »
Mu (X7)
Mu (X7
Mechanism * The mechanism involves two steps.

* The rate-determining step forms a bridged halonium ion.
* No rearrangements can occur.

Markovnikov's rule is followed. X* bonds to the less substituted carbon.
Anti addition occurs.

Regioselectivity

Stereochemistry

41



Hydroboration—OXxidation

O = . == L
BH, OH

alkylborane

» Hydroboration is the addition of borane (BH;) to an alkene, forming an alkylborane.
* Oxidation converts the C-B bond of the alkylborane to a C-0 bond.

o= 20 0%0

Hz{?z QH @
HeCla, QOH Hz0z OH



Hydroboration—Oxidation

» Alkylboranes react rapidly with water and spontaneously burn when
exposed to air; they are oxidized, without isolation, with basic hydrogen
peroxide (H,O,, OH).

H,0,, OH-
CH5-CH,-CH,-BH, ~ CH;-CH,-CH,-OH

« Oxidation replaces the C—B bond with a C—O bond, forming a new OH
group with retention of configuration.

43



Hydroboration—Oxidation

;f‘!gcm

H:B—H

H
.

1-methyl
cyclopentane

HtFL':::HJ

hindered

sterically ’

Ha O
OH'
— N CHy H,__ﬁ: 2":”"*
i i
Hze H HZ  H
trans, secondary
alcohol
L
- "; ?'aﬂH:
1
BH:
not
observed

44



Hydroboration—Oxidation

 The overall result is syn addition of the elements of H and
OH to a double bond in an “anti-Markovnikov” fashion.

H,0, H*

SN —— PRV

OH

Markovnikov

H H
Hzo, H+ \\"‘. \\“‘
= .- (I
OH OH

syn

anti

i. BH;
i. H,O
Rl S~ -OH

anti-Markovnikov

i. BH; H
ii. H202 wt
OH

syn

45



Hydroboration—Oxidation

Observation

Mechanism ¢ The addition of H and BH; occurs in one step.
* No rearrangements can occur.

Regioselectivity * The BH2 group bonds to the less substituted carbon atom.

Stereochemistry Syn addition occurs.

OH replaces BH; with retention of configuration.

L

46



Alkenes in Organic Synthesis

O/OH : i : :Br
Br
cyclohexanol 1,2-dibromocyclohexane

starting material product

To solve this problem we must:

e Work backwards from the product by asking: What type of reactions introduce the
functional groups in the product?

e Work forwards from the starting material by asking: What type of reactions does the
starting material undergo?

: ~OH ’ : :Br
 —

Br
cyclohexanol 1,2-dibromocyclohexane
Work forwards. Work backwards.
What reactions How are vicinal
do alcohols undergo? dihalides made?



Alkenes in Organic Synthesis

Working backwards: Working forwards:
[1] 1,2-Dibromocyclohexane, a vicinal [2] Cyclohexanol can undergo acid-catalyzed
dibromide, can be prepared by the dehydration to form cyclohexene.

addition of Br, to cyclohexene.

Br OH
—’ —b‘
Br

cyclohexene 1,2-dibromocyclohexane cyclohexanol cyclohexene

Cyclohexene is called a synthetic intermediate, or simply an intermediate, because it is the
product of one step and the starting material of another. We now have a two-step sequence
to convert cyclohexanol to 1,2-dibromocyclohexane, and the synthesis is complete. Take note of
the central role of the alkene in this synthesis.

A two-step synthesis

OH Br
7= (= (X
Br

a synthetic intermediate



Oxidation and Reduction

e Oxidation: increase of C—O bonds or decrease of C—H bonds.
 Reduction: decrease of C—O bonds or increase of C—H bonds.

Oxidation

Increasing number of C-0O bonds

H H
| [0] | [0] H [O] i [Q]
H—(F—H —> H-C-OH —— ) =0 = e ——= 0=C=0
i [H] H M H H o Ml most oxidized

most reduced form of carbon

form of carbon
Increasing number of C-H bonds

Reduction

Oxidation

Decreasing number of C—H bonds

CIAAN L
R—C=C—R —7—7= G=C ——> R-C—-C—R
alk [0] () [0] L
yne H H H H
alkene alkane

Increasing number of C—H bonds

Reduction

49



Catalytic Hydrogenation

Hydrogenation—General reaction

\_ / | |
C=C + H—H e —=C—C—
4 'l* X metal ||
catalyst H H <—H, is added.
weak n bond alkane

« The addition of H, occurs only in the presence of a metal catalyst—usually Pd, Pt,
or Ni, adsorbed onto a finely divided inert solid, such as charcoal.

* H, adds in a syn fashion.

Examples H\ /H H, }? +|1
(1] C=C — H—(l)—(|3—H
H H Pd-C H H <—H,is added.
CHa

CH3 H2 £ 'H N
(2] S—— <—syn addition of H
Pd-C \ 'H " 50
CH,

CHa



Catalytic Hydrogenation

Steps [1) and [2] Complexation of H, and the alkene to the catalyst

V= A Ao fAieEy

(2

catalyst
* H;adsorbs to the catalyst surface with partial or complete cleavage of the H~H bond.
¢ The n bond of the alkene complexes with the metal.

Steps [3) and [4) Sequential addition of the elements of H,

>

iy — Yy — 4

catalyst regenerated

Two H atoms are transferred sequentially to the n bond in Steps [3] and [4], forming the alkane.
e Because the product alkane no longer has a & bond with which to complex to the metal, it is released from the catalyst
surface.

51



Catalytic Hydrogenation

e Rapid, sequential addition of H, occurs from the side of the alkene complexed to the
metal surface, resulting in syn addition.

e |Less crowded double bonds complex more readily to the catalyst surface, resulting
in faster reaction.

Increasing rate of hydrogenation

R H R H R R R R
Y / hN 7 AN / Y /
c=C c=C C=C C=C
/ Y 4 b / Y ! hY
H H H R R H R R
most reactive least reactive

Increasing alkyl substitution

52



Catalytic Hydrogenation

 When unsaturated vegetable oil is treated with hydrogen, some or all of the =«
bonds add H,. This increases the melting point of the oll.

« Margarine is prepared by partially hydrogenating vegetable oils to give a product
with a consistency that more closely resembles butter.

[ Remainder of the

O
|
triacylglycerol ]\O/ ¢ S
= * 2  bonds — lower melting point
Hy | * 3 allylic C's — more susceptible to oxidation

Add H, to one & bond only. .
(1 equiv)

Pd-C

[Remainder of the

o)
I
triacylglycerol ]\O/C i
H * 1  bond — higher melting point
4 H H « 2 allylic C's — less susceptible to oxidation

= an allylic carbon—a C adjacent to a C=C

* Decreasing the number of degrees of unsaturation increases the melting point.

* When an oil is partially hydrogenated, some double bonds react with H,, whereas some double
bonds remain in the product.

* Partial hydrogenation decreases the number of allylic sites, making a triacylglycerol less
susceptible to oxidation, thereby increasing its shelf life. 53



Catalytic Hydrogenation

« Hydrogenation of alkenes is exothermic

* The heat of hydrogenation, can be used as a measure of the relative stability of two
alkenes.

CHs /CH3
\ H
cis alkene C=C — CH;CH,CH,CH4 AH° = —28.6 kcal/mol
/N Pd-C
H H !
same product
CHj H
./ H,
trans alkene /C = C\ _ CH;CH,CH,CH, AH® = —27.6 kcal/mol
H CHj Pd-C T
more stable <« Less energy is released.

starting material

54



Oxidations

Oxidizing agents:
« Reagents containing an O—O bond: O,, O3, H,0,, ROOH, RCOOOH.

« Reagents containing metal-oxygen bonds: Cr(VI), Mn(VIl), Os(VIIl),
Ag(l).

Reactions:
— CE\(; epoxidation
..-,, “u
\__/ o §H
Alkenes /C=C\ » —?—?— dihydroxylation

—> C=0 + 0=C oxidative cleavage

55



Epoxidation

two new C—0 bonds
0] 0
I \'jfoxf/ I

N\
Epoxidation c=C + C —_ .C—C,,, *t C
P N\ R™ ~O-OH ‘“/C C\’ R™ TOH
T epoxide carboxylic acid
The O—0 bond
is cleaved.
peroxyacid
O @) O
S WS A i
xamples = PLONY —_— T Wi, A
P VY CH; ~O—OH e NN CH; “OH

peroxyacetic acid

i
cl C o]
+ — o +

mCPBA

0O=0

90



Epoxidation

One step All bonds are broken or formed in a single step.

N -
[y ™ il & Two C=0 bonds are formed te one O atom with one
-?Jﬁiﬂ 0 electron pair from the peroxyacid and one from the n

£ + bond.
: \\ & Fx + The weak O—0 bond is broken,
The O-Obondisbroken. C©=C — 4 %

F o\ '

 Epoxidation is stereospecific.

m-CPBA o

57



Dihydroxylation

Dihydroxylation—General reaction

N HO OH
Cc=C —_— —C—C—
VN [ ]

1,2-diol or glycol

Syn dihydroxylation O

KMnO4
2O HO~

Stereochemistry

HO S HO OH
N A \ /
\\“‘C—C\ or —C.

{ OH LY

anti addition product syn addition product

2 OH’s added on the
same side of the C=C

2 OH’s added on opposite
sides of the C=C

cis-1,2-diols l
H
2] NaHSO,, H O
[ ] A% OH

cis-1,2-cyclohexanediol cis-1,2-cyclopentanediol

trans-1,2-diols

OH 3
T : [1] RCO4H ‘
Anti dihydroxylation @ 2,0 (H o -OF) U + O\OH

L enantiomers —I 58



Syn Dihydroxylation

Two O atoms are added to the
same side of the C=C.

syn
— —>
Q addition @

/ |

- cis-1,2-diol

!

syn NaHSO;
Q addition @ HO

(\//O
AN

N\

N
%

®)

X

o 0O OH OH
ke

AR

d o



Anti Dihydroxylation

achiral epoxide

H H H H

RCO,H ]
et “hn SA2

-OH
H,0
Path [a]

~OH

(a] (b]

—_—

H,0
Path [b]

The nucleophile attacks from
below at either C—0O bond.

trans products

HO

H

enantiomers
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Oxidative Cleavage

« Oxidative cleavage of an alkene breaks both the ¢ and = bonds of the
double bond to form two carbonyl compounds. Cleavage with ozone (O,) Is
called ozonolysis.

R R R R
. (S [O] \ /
Oxidative cleavage KC:C\ » /C:O + O:C\
R 1 H R H
The ¢ and n bonds ketone aldehyde
are broken.
mxamples CH%C—C/H 119 CH%‘c—o + o—c/H
AN 2] Zn, Hx0 - A
CH, CHj, CH, CH,
f 1
ketones aldehydes
| |

H

Mmoo, W
Q [2] CHaSCH, 0 + 0= 61

H H




Oxidative Cleavage

 Addition of O; to the n bond of an alkene forms a molozonide, which
rearranges to an ozonide in a stepwise process.

* The unstable ozonide is reduced to afford carbonyl compounds.

The key intermediates in ozonolysis

\ / N s s
/c\:c\ —— o —— >C\/ \/C<
/.' \ addition O\O /(52 :0—0:

00 S :
Q) molozonide ozonide

Zn, H,O

or
CH,SCHj,
by-product:
Zn(OH)2 or (CH3)28=O
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2C=C’s

Oxidative Cleavage

(1] O4

[2] CH,SCH,

C

AR
CH; IBH,
limonene
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Radical Additions to Double Bonds

HB il
onl; L (,3 cf H
CH H BrH <«— H bonds to the less substituted C.
3
\C=C/ 2-bromopropane
/ \
H H
HB H H
r
hv, A, or CHa™ C C H
ROOR H Br <— Br bonds to the less substituted C.

1 -bromopropane
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Radical Additions to Double Bonds

Limited utility: HBr only

Initiation
Steps [1] and [2] Abstraction of H from HBr occurs by a two-step process.
x U
o ..;"‘/H%Bri 2 o
RO5OR 2RO* ==+ RO-H + |:Br:}

) (2]

Propagation
Steps (3] and [4] The nt bond is broken and the C—H and C~-Br ¢ bonds are formed.

CHy H H H
Cld  ——  oHG-C-H |
£ 0N (3] # ¥ T« newbond
H,__\ H Br:
\Br 2° radical
iy i
CH,~C—C—H CH;—C-C-H + B

o B W A

H-Br: new bond
iy
Repeat Steps (3], (4], [3]. [4], and so forth.

Termination
Step [5] Two radicals react to form a bond.

s ™ Nee [5] e s
:§r~ + ".B.f: —_— :§r—§r:



Polymers and Polymerization

* Polymers are large molecules made up of repeating units of smaller
molecules called monomers. They include biologically important
compounds such as proteins and carbohydrates, as well as synthetic
plastics such as polyethylene, polyvinyl chloride (PVC) and polystyrene.

« Polymerization is the joining together of monomers to make polymers. For
example, joining ethylene monomers together forms the polymer
polyethylene, a plastic used in milk containers and plastic bags.

EIWene | CH,=CH, + CH,=CH, + CH,=CH,
l polymerization
Polyethylene l
= T = = NG et N
e : CHQCHE,’CHQCHQ CH,CH,—$ : :

three monomer units joined together
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Polymers and Polymerization

« Many ethylene derivatives having the general structure CH,=CHZ are also
used as monomers for polymerization.

» The identity of Z affects the physical properties of the resulting polymer.

* Polymerization of CH,=CHZ usually affords polymers with Z groups on
every other carbon atom in the chain.

CH,=CHZ + CH,=CHZ + CH,=CHZ
l polymerization

%—CH2(|3H+CH2?H—CH2C|)H—§ = §/\NY§
Z Z Z AP S

three monomer units joined together
67



Polymers and Polymerization

Initiation
Steps [1]and [2] A carbon radical is formed by a two-step process.
- /‘\)/‘-\.’\ Z . Z
ROSOR 15 2RO" + cuzf_—c: B ROCH,- cf
H H
carbon radical
Propagation
Step [3] The polymer chain grows. . .
s > , The more substituted radical always adds to the
ROCH,~CY ¥ C“:"fb: i R§0H2_¢_CH2_C:. less substituted end of the monomer, a process
H H H‘ H called head-to-tail polymerization.
Repeat Step [3] over and over. new C—C bond
Termination
Step [4] Two radicals combine to form a bond.
Z Z Z 2
A~ (4) [ |
"WCHz"'C\' '/C_CHQM’ — = - M’CHQ"?"?"CH;)N"
H H H H
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Polymers and Polymerization

L L Isotactic (TiCl, AIELCI)

sindiotactic (TiCl,, AIR;)

atactic (TiCl;, AICly)

Cationic polymerization
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Polymers and Polymerization
Common Industrial Monomers and Polymers

Monomer e Polymer Consumer product

CH,=CHCI — §W :

vinyl chloride ct Cl Ci
poly(vinyl chloride)
PVC

PVC pipes

CH,=CHCH; —— EW %
propene CH; CH; CHj
polypropylene

polypropylene carpeting

e AN
styrene S =
polystyrene

Styrofoam products
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